A thermal heat switch has been developed intended for cryogenic space applications operating around 100 K. The switch was designed to separate two pulse tube cold heads that cool a common focal plane array. Two cold heads are used for redundancy reasons, while the switch is used to reduce the thermal heat loss of the stand-by cold head, thus limiting the required input power, weight and dimensions of the cooler assembly. After initial evaluation of possible switching technologies, a construction based on the difference in the linear thermal expansion coefficients (CTE) of different materials was chosen. A simple design is proposed based on thermoplastics which have one of the highest CTE known permitting a relative large gap width in the open state. Furthermore, the switch requires no power neither during normal operation nor for switching. This enhances reliability and allows for a simple mechanical design. After a single switch was successfully built, a second double-switch configuration was designed and tested. The long term performance of the chosen thermoplastic (ultra-high molecular weight polyethylene) under cryogenic load is also analysed.
Introduction
In space technology, redundancy concepts are often used to minimize the impact of a single failure. For applications requiring cryocoolers this can be done in several ways [1] . Nowadays cryocoolers for space applications in the 77 K range are of the pulse-tube type combined with a flexure bearing compressor. Possible sources of failure in such a configuration are the control electronics and the compressor (e.g. coils, spring breakage, seals), and the pulse-tube cold head (e.g. gas leakage). Additionally, the cold head can suffer from a long term gas contamination by outgassing components in the compressor or cold head itself.
As part of a research project studying various redundancy concepts for satellite operations, a heat switch was developed including two cold heads (CH1 and CH2) mounted on a single focal plane array detector (FPA, see figure 1 ). The heat switch thermally connects an active cold head to the FPA while increasing the thermal contact resistance ϑ to a second cold head in stand-by mode, thus reducing the heat load of the stand-by system to the active cold head. In case of a failure of the active cold head, the stand-by cryocooler is turned on and the heat switch thermally disconnects the malfunctioning system while thermally connecting the now active redundant cryocooler. The switching is done automatically without need for external control or power.
There exist various kinds of heat switches for space applications, each having their own advantages and disadvantages. Most common are heat switches of the Gas-Gap and CTE-based (CTE: linear thermal coefficient of expansion) type [2, 3, 4] , but also some designs based on other physical effects are known [5, 6] . In Gas-Gap switches the pressure of a gas in a small gap is controlled. This can be done e.g. by use of adsorbers or valves connected to gas reservoirs. The presence/absence of the gas in the small gap (typically ≪ 100 µm) enables/disables a thermal contact. The use of adsorbers is preferred for space applications as it enables passive switching. The design is somehow complicated because it involves the choice of a proper combination of gas sort, filling pressure, and adsorption material for a given temperature range. Especially for relatively high temperatures this can be challenging [7] . On the other side, this switch type does not contain any moving parts which may fail during the lifetime, e.g. because of wear or mechanical breakage. The CTE-based switches rely on the thermal expansion of one or more components. In the most common mode of operation, a small gap separates two solids one of which has a high CTE compared to the other one. When the temperature decreases the high CTE material "shrinks" and closes the gap between the two solids. Below a certain "switching temperature", the gap is fully closed, thus providing a heat conduction path. Further decrease in temperature increases the contact pressure and therefore lowers the thermal contact resistance. While the CTE-based switch is less complex compared to the gas-gap variant, it shares with it the disadvantage of requiring a relatively small gap in the order of several micrometers. However, by using thermoplastics with a high CTE, such as ultra-high molecular weight polyethylene (UHMW-PE), in order to circumvent the requirement of tiny gaps, the CTE-based switch becomes superior compared to other designs with respect to the required temperature range and standards for space applications. The aim of this work was to provide a proof of concept; so properties like minimum weight, high stability, and device integration, which are required for space applications, had a minor priority.
Thermal heat switch concept
Based on the design considerations outlined in the previous section, a CTE-based switch was chosen. Because the switch also needs to serve as a support for the FPA, the contact areas that are connected to the cold head and FPA must not move upon switching. As another requirement, the switch should exhibit an on-state thermal conductivity of more than 1 W/K at an operating temperature between 80-100 K and an off-state conductivity of less than 1 mW/K.
In many switches, the high-CTE component itself also acts as a thermal conductor. Unfortunately, high thermal conductivity materials, such as metals, exhibit a rather small CTE leading to a small gap sizes which require careful manufacturing and increase the risk of failure. Thermoplastics on the other hand, have a relatively high CTE compared to metals but a low thermal conductivity. This leads to a design where a thermoplastic is used as the switching element only, bringing two metals with high thermal conductivity into contact. Figure 2 shows the CTE between 80 K and 300 K of some metals and thermoplastics; the data for metals were taken from the NIST database [8] . While most metals exhibit a CTE of 10-20×10 −6 /K, polytetrafluoroethylene (PTFE) for example has an order of magnitude higher CTE compared to copper at room temperature, but as for all polymers this strongly depends on the composition. PTFE shows two solid-solid phase transitions near room temperature with a maximum CTE of more than 500×10 −6 /K [10]. Our measurements using liquid nitrogen revealed that ultra-high-molecular-weight polyethylene (UHMW-PE) has an even higher thermal contraction than PTFE between room temperature and 77 K, though we couldn't find any CTE data for UHMW-PE at cryogenic temperatures. So we initially based our calculations on the HDPE (high-density polyethylene) CTE data from [9] .
When designing a CTE-based switch, one important parameter is the gap width, which depends on the CTE material and the desired switching temperature. One has to take into account, that the standy-by cold head will cool down because of the finite off-state conductance. In our case, an off-state conductance of 1 mW/K would cool the stand-by cold head down to about 220 K. This means, that the switch needs to change state below this temperature. Otherwise the switch would also close on the stand-by side producing a thermal short. On the other hand, a high on-state switching temperature is desired to achieve a high contact pressure and thus a low thermal resistance. For HDPE, a CTE of Data for metals were taken from the NIST database [8] , except for HDPE which was taken from Hartwig [9] and PTFE which was taken from Kirby [10] .
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where T c is the switching temperature and T w is the warm temperature at which the gap size is measured. R 0 is the inner radius of the UHMW-PE cylinder at room temperature. The copper shaft and jaws also shrink, but their shrinking was ignored in the initial gap calculations, since it is about an order of magnitude less than that of the UHMW-PE. Based on the considerations above, a gap width of 80 micrometers at room temperature T w was chosen. The remaining 50 microns which the UHMW-PE would additionally shrink from T c =200 K to the detector operating temperature of 100 K, if there will be no shaft, are turned into increased contact pressure. During the initial testing, the gap was adjusted several times to account for the higher CTE of UHMW-PE and the thermal expansion of the copper shaft and jaws.
Two switches were built: a single switch connected to a single cold head and heat load, which was used for initial testing. Later on, a second switch was built which has a T-form to connect two cold heads to a single load located in the middle of the switch. Figure 3a shows the sectional drawing and Figure 3b shows a 3D-model of the single, cylindrical switch design. The part connected to the heat load (detector side) consists of an inner shaft made of a solid copper cylinder (10 mm diameter) with a flange on one end. The part connected to the cold head (PE-side) consists of a copper flange with four integrated copper jaws that are separated from the inner cylinder by the gap. A non-enforced hollow UHMW-PE (virgin Tivar ® 1000 from Quadrant PHS GmbH, Vreden, Germany) cylinder is put around the jaws to act as the high-CTE element. The two copper parts are hold together by four thin stainless steel tubes (Ø 2 mm, 150 µm wall thickness) which mainly determine the thermal off-state resistance. The total height of the switch is 30 mm.
The distribution of stress inside the switch components was calculated using Hooke's law which can be found in textbooks. The contact pressure of the jaws to the shaft at 100 K was estimated to be 1.4 MPa, while the maximum tensile stress in the UHMW-PE was estimated to be 5 MPa. Figure 4 shows the compressive and tensile stresses in radial and tangential (= circumferential) directions inside the switch components, calculated at an operating temperature of 100 K. The axial stresses were omitted in the calculation. 
Performance testing
The test apparatus consists of a coaxial pulse tube cold head driven by an AIM SL400 linear compressor [11] to which the single switch is attached. The detector side of the switch is equipped with an electrical heater. Pt100 temperature sensors are placed at the PE and the detector side of the switch, named T 1 and T 2 respectively (see figure 3b) . For radiation shielding five layers of superinsulating foil are wound around the cold head and the switch.
The single switch was tested in several cool down/heat up cycles. Figure 5 shows the switch in a single actuation cycle. During the measurement a constant heat load of 500 mW is being applied to the detector side of the switch. The inset in Figure 5 shows the cool down process to the closing temperature in detail. The detector side of the switch maintains a constant temperature until the switch closes at a temperature of about 220 K. After that, the detector side cools down quickly until it reaches the cold head temperature. From there on, both temperatures further decrease until the base temperature of 57 K is reached. At 2.5 hours the compressor is turned off. Both temperatures start to rise until the switch opening temperature of about 250 K is reached. From there on, the cold head temperature rises slower than the sensor temperature because of the low thermal coupling in the off-state. After 6 hours the heater is switched off and after around 6.5 hours the cooler and heater are started again and the next cycle begins. There exists a small hysteresis of about 25 K due to the lag of the UHMW-PE temperature with respect to the cold head temperature. In order to measure the thermal conductance of the single switch, it was mounted in opposite direction with the detector side (T 2 ) connected to the cold head while the heater was mounted at the PE-side (T 1 ) of the switch. In this way it is possible to also measure the off-state conductance at different stand-by cold head temperatures. During the on-state measurements, a constant heat load of 1 W is applied and the input power to the cold head is controlled so that the desired temperature is reached. The only exception is the point at T 1 = 200 K where the heat load was 7 W. The conductance is given by the ratio of the applied heat loadQ c and the temperature difference between the two sides of the switch (T 1 − T 2 ). For measuring the off-state conductance, the heater powerQ c is tuned in such a way that the switch is kept open while the detector side is cooled down to 80 K. Figure 7 shows the off-state conductance as function of temperature. The heating power was varied between 130 and 180 mW to keep the PE-side of the switch at the desired temperature. At a typical off-state operation point of 220 K, the conductance is around 2 mW/K. For higher temperatures, the off-state conductance increases because of the higher heat conductance of the stainless steel support tubes. For on-state measurements, the heater is switched off until the switch closes due to heat conduction losses over the stainless steel tubes. Once the switch is closed, the heater can be used to measure the thermal conductance. Figure 7 also shows the on-state conductance in a temperature range between 80 and 240 K. Due to the higher contact pressure at lower temperatures, the thermal conductance increases with decreasing temperature and consequently the temperature difference T 1 − T 2 becomes smaller. For an operation point of 100 K, the thermal conductance in on-state is 1000 mW/K.
To test the mechanical stability, the switch with the smaller shaft diameter has undergone a shaker test at AIM GmbH (Heilbronn), where the switch was shaked at different frequencies with a 150 g mass mounted on the detector side. The test revealed several resonance points at which the two switch parts (jaws and shaft) clashed together. An optical inspection after the test confirmed this, but no hints of deformation could be seen. Figure 8 shows the open/close temperatures after the shaker test. Compared to the cyclic test in Figure 6 (solid symbols), the opening temperature dropped by about 13 K, while the closing temperature is nearly the same as before. In the measurements after the shaker tests, between cycle 8 and 9 the switch was heated up to 340 K, causing an unusual shift to higher open/close temperatures. The root cause of this is not yet understood. The thermal conductance measurements in Figure 9 show a decrease in on-state conductance to ∼ 600 mW/K at 100 K, while the off-state conductance increased to ∼ 8 mW/K after the shaker test. All measurements were done with 1 W of heating power. These results hint at a small deformation of the switch by the shaker test, which likely affects the heat conductance. Given that the switch was not yet optimized for mechanical stability, the results after the shaker test show that the present design using a large gap, compared to that of purely metallic CTE-based switches, can simplify heat switch manufacturing while maintaining a reliable switching function. After successful tests with the single switch, we built a T-formed, double switch, which basically consists of two singles switches with a common detector side. The test apparatus was extended to include two pulse tube cold heads of the same type connected to the two PE-sides of the T-form switch. A heater and a temperature sensor (T 2 ) were installed at the common detector side, and two temperature sensors (T 1A , T 1B ) and two heaters were mounted on the PE-sides of the double switch.
The cycle test results of the double switch are shown in Figure 10 . was started while the other was in stand-by. After reaching a temperature of T 2 = 100 K, the heater at the detector side was adjusted to maintain this temperature. The stand-by side also cools down a bit because of the small but non-zero off-state conductance of the switch. In general, the switch temperature in off-state is given by a balance between heat conduction along the switch and along the standby cold head. After the stand-by cold head B reached a stable temperature of T 1B ≈ 225 K, the active cold head A was turned off and the cold-head side of the switch was heated above the opening temperature again. Now the active and the stand-by cold head changed their function, and the cycle was repeated several times, as seen from Figure 10 . Both sides of the switch are working as expected. The opening/close temperatures are nearly identical. The passive PE-side cools down to 225 K, which is only 25 K above the closing temperature of the switch. By further lowering the thermal conductance of the switch in off-state or reducing the heat leak through the stand-by cooler this temperature difference can be enlarged in future, as in the present lay-out it seems a bit low for long term operation.
Long term performance of UHMW-PE
For long term satellite missions it is essential to know how the materials used in the switch will degrade in their properties during mission lifetime. It is known that thermoplastics tend to creep over time, which would have a significant effect on the switch performance. Creep behaviour is influenced by many aspects of the actual material composition and treatment, so the results shown below should be handled with care. Material pre-aging can significantly reduce long term creep, whereas other methods like material-enforcement tend to reduce the CTE.
Long term creep measurements for UHMW-PE have been studied for room temperatures and above, mainly because of their application in the medical sector [12] . But creep data at cryogenic temperature ranges is not available in literature. We therefore built a test apparatus for testing the creep of our UHMW-PE samples at low temperatures using strain gauges (type Micro-Measurements EK-13-250BF-10C/W). The UHMW-PE samples were in form of a solid cube with an edge length of 20 mm. Figure 11 shows the compliance data under a compressive load of 1 MPa for several temperatures. Similar results are expected for tensile stresses. The compliance D is defined as D(t) := ǫ(t)/σ, where ǫ(t) is the measured strain and σ is the applied pressure load. After some initial relaxation processes on a time scale of less than 10,000 s, it appears that the material starts to creep linearly on a logarithmic time scale. At least for the 100 K data this is in accordance with the work of Struik [13] , who used short term measurements near room temperature to predict low temperature creep data for temperatures T < T g , where T g = 130 K is the glass transition temperature of UHMW-PE. For a mission time of 10 years, a creep compliance of 0.2 GP a −1 at 100 K can be roughly extrapolated. For a typical maximum internal stress of about 5 MPa (see figure 4) , this would result in a strain of only 0.1%. When applied to our switch geometry, this corresponds to a decrease in contact pressure by about 12%.
Conclusions
A simple, compact, high reliability thermal heat switch for cryogenic space applications operating near 100 K based on the thermal expansion was built and tested. Two variants have been studied: a single and a double heat switch configuration. The single switch showed a state change around 220 K, and an on/offstate conductivity of more than 1 W/K and an 3 mW/K respectively. After shaker tests the performance decreased a bit, but the switching function was not affected.
The double switch was successfully tested in a two cooler configuration and showed reliable switching characteristics over several cycles. The switching temperatures as well as the on/off state conductivity was similar to the single switch design.
UHMW-PE, which was used as the high CTE material, shows a rather high creep rate under uniaxial pressure at room temperature. To estimate the degeneration of the material during switch operation at cryogenic temperatures, creep tests were performed and extrapolated for long term prediction. At 100 K, the compliance is estimated to be 0.2 GP a −1 in 10 years resulting in a 12% drop in contact pressure during on-state.
The CTE-based thermal switch presented in this paper is a promising concept. Further development will focus on mechanical properties as stability and weight. The long term creep of the UHMW-PE CTE material also needs a more thorough investigation.
